The addition of biochar to sand columns can enhance the retention of bacteria and thus may provide a management strategy for removing bacteria from tile-drainage waters. In this study, the role of sand size as a factor in controlling microbial retention in biochar-amended sand columns was investigated. Laboratory column experiments were conducted to quantify the removal of two bacterial isolates (E. coli and Salmonella) and polystyrene microspheres in 10-cm-long columns packed with clean sand of three different sizes (0.25, 0.71, and 1.19 mm) at four biochar concentrations (0%, 5%, 10%, and 15%). Sorption studies were also performed to help identify the relative roles of sorption and physical straining on the removal of bacteria and microspheres within the columns. For the large sand, the log 10 removal values (LRV) for E. coli increased from 0.22 to 0.49 for the 0% and 15% biochar concentrations, respectively, while LRV for Salmonella increased from 0.19 to 0.68. For the small sand, increasing biochar concentration from 0% to 15% increased LRV from 0.11 to 1.9 for E. coli and from 0.20 to 4.6 for Salmonella. In comparison, LRV for microspheres in the 15% biochar columns was only minimally higher than the unamended columns for all three sand sizes. Results from the sorption studies show that high sorption coefficients generally correlated with high LRV indicating that sorption rather than physical straining was the primary mechanism of retention in the columns. Results from this study further our understanding of bacterial retention in biochar-amended porous media.
Introduction
Animal manure is often applied to agricultural fields to add nutrients and organic matter to the soil to enhance soil quality and fertility. Manure can also, however, be a source of pathogenic microorganisms that pose a threat to humans, livestock, and wildlife. Of particular concern is when these pathogens enter into water bodies used for drinking water or recreational activities. Pathogens are one of the top causes of impairment in rivers and streams in the US with agriculture being a significant contributor of microbial loading to these water bodies (Burkholder et al. 2007; Gerba and Smith 2005; USEPA 2017 ). To protect water supplies and the environment from manure-derived pathogens requires reducing the number of microbial pathogens applied to the field, minimizing the translocation of manure-derived pathogens from point of application to receiving water bodies, and treating water discharged from agricultural fields to reduce pathogen concentrations and loads.
Manure-derived pathogens from manure can enter drinking and recreational waters via several pathways including surface runoff during storm events and from leaching of microbes into groundwater used for drinking water or that feeds into surface waters (USEPA 2017) . Another potential pathway is through discharge from tile-drained fields. Approximately 25% of the agricultural land in the US is artificially drained, either in the form of surface ditches or sub-surface tile drains (Radcliffe et al. 2015) . Artificial drainage is employed to remove excess water and improve trafficability in fields which otherwise would be too waterlogged to support profitable agriculture. Because tile drainage significantly alters field hydrology, it can have a significant impact on the fate and transport of sediment, nutrients, pesticides, and bacteria (Kleinman et al. 2015) . In particular, the translocation of pathogens from agricultural fields to drinking water can be greatly enhanced in tile-drained fields because the distance from the soil surface to tile drains is relatively short and thus the ability of the soil matrix to filter out bacteria (through both physical and chemical processes) is reduced (Frey et al. 2015; Lapen et al. 2008; Liu et al. 2018; Wilkes et al. 2014) .
One mitigation strategy for dealing with contaminated tile-drainage waters is the use of end-of-tile filters to treat the water prior to being discharged into the environment (King et al. 2010) . While several studies have investigated various materials and industrial byproducts for reducing nutrient and pesticide concentrations in tile-drainage waters ( Vandermoere et al. 2018) , little research has focused on reducing concentrations of microorganisms in tile-drainage waters. Based on studies showing that biochar can increase bacterial retention by several orders of magnitude in sand-packed columns (Abit et al. , 2014 Bolster and Abit 2012) , biochar has been investigated as an amendment to reduce pathogen and indicator organisms in biofilters treating stormwater runoff (Afrooz et al. 2018; Lau et al. 2017; Mohanty and Boehm 2014a, b; Mohanty et al. 2014) . Similarly, biochar may be a suitable amendment for use in end-of-tile filter systems to remove indicator and pathogenic microorganisms in tile-drainage waters.
To be effective, a biofilter must be designed to maximize both flow (i.e., hydraulic conductivity) and retention capability. To maximize flow, biochar particles will need to be mixed with larger filter media to provide enough pore space and pore connectivity to prevent flow restrictions while at the same time providing enough sorption capacity to result in significant reductions in microbial concentrations. Thus, the effectiveness of a biochar filter will depend on the grain size of the supporting material and the bacterial retention properties of the biochar.
In this study, the role of sand size as a factor in controlling microbial removal in biochar-amended sand columns is investigated. Laboratory column experiments were conducted by quantifying the log 10 removal values (LRV) of two bacterial isolates (E. coli and Salmonella) and 1-μm polystyrene microspheres through 10-cm-long columns packed with clean sand of three different sizes (0.25, 0.71, and 1.19 mm) with biochar added at concentrations of 0%, 5%, 10%, and 15% (by volume). Batch sorption studies were also performed to help elucidate the relative roles of sorption and physical straining on the retention of bacteria within the columns. Results from this study further our understanding of the role of sand size on bacterial retention in biocharamended porous media.
Materials and methods

Biochar and sand preparation
Commercial sand with a silica content > 98% (AGSCO Corp., Wheeling, IL) was passed through a series of stainless steel sieves to obtain the three sand size fractions denoted as small (0.250-0.354 mm), medium (0.707-0.841 mm), and large (1.19-1.41 mm). The specific surface of the quartz sand, assuming spherical grains and a particle density of 2.65 g cm −3 , was 7.5, 2.9, and 1.7 × 10 3 mm 2 g −1 for the small, medium, and large sands, respectively. The sieved sand for each size fraction was first rinsed with tap water and then washed in 7.9 M nitric acid for 24 h followed by washing in 0.002 M NaOH for 2 h. Finally, the sand was washed in 0.001 M nitric acid for 24 h and rinsed with deionized water (DIW) until the pH was stable (Bolster et al. 2006) . Sand was autoclaved and dried before use.
Biochar was obtained from Biochar Now, LLC (Loveland, CO). The biochar was produced from softwood (pine bark beetle-killed pines) and pyrolyzed at 550-600 °C. Prior to use, the biochar was sieved though a 0.425-mm stainless steel mesh sieve; after initial sieving, large biochar particles remaining on the sieve were ground and re-sieved. To remove soluble salts and alkalis, biochar was washed with 0.05 M HCl at a ratio of 50 mL acid to 1 g of biochar for 24 h followed by filtering through a 0.45-µm cellulose ester membrane. Acid-washed biochar was rinsed twice with 1 M CaCl 2 at a ratio of 5 mL:1 g of dry biochar followed by rinsing four times with DIW also at a ratio of 5:1 (mL:g) (Fidel et al. 2018) . After washing, biochar was dried at 65 °C for 3-4 days.
Biochar was mixed with acid-washed sand at concentrations of 0%, 5%, 10%, and 15% (by volume) and placed on a roller table at approximately 50 rpm and allowed to mix overnight. These concentrations are similar to those in previously published studies (Abit et al. , 2014 Bolster and Abit 2012) . Following mixing, sand-biochar mixtures were stored in polypropylene or glass bottles at room temperature until column and batch sorption experiments.
Biochar characterization
Biochar pH and specific conductivity were measured by mixing 1.0 g biochar with 20 mL of 0.01 DI water for 1.5 h (Rajkovich et al. 2012) . pH was measured using an Orion Star A214 m with an Orion Ross Ultra Combination pH probe (Thermo Fisher Scientific, Waltham, MA) and specific conductivity was measured using an Orion Star A212 m with an Orion Conductivity cell prob (Thermo Fisher Scientific, Waltham, MA). Total carbon and nitrogen were measured by dry combustion using a vario MAX CN analyzer or a vario MAX CNS analyzer (Elementar Americas Inc., Ronkonkoma, NY).
Column preparation
Columns were dry-packed to a height of 10 cm by pouring sand or sand-biochar mixtures into 2.5-cm-diameter CHROMAFLEX ® glass columns (Kimble Chase, Vineland, NJ). During packing, columns were vibrated periodically to facilitate settling and minimize layering. Following packing, columns were flushed with carbon dioxide for 10 min followed with 16 pore volumes (PV) of degassed 0.01 M KCl and 3 PV of non-degassed 0.01 M KCl. Immediately before the transport experiments, a minimum of 2 PVs of 0.01 M KCl were passed through the columns until effluent pH was stable. All solutions were sterilized by passing through a 0.22-µm filter twice and were pumped through the columns at 1.0 mL min −1 .
Bacteria preparation
The retention of one E. coli isolate and one Salmonella isolate was investigated in this study. Both microorganisms were isolated from swine lagoons and have been used in prior transport studies in this lab Bolster et al. 2010 Bolster et al. , 2018 . Both isolates were inoculated separately into 10 mL Luria-Bertani (LB) broth from selective media plates and grown for 8 h at 37 °C. Tubes containing 40 mL LB broth were inoculated with 40 µL of the 8-h culture, placed on a rotary shaker, and grown for 16 h (overnight) at 37 °C to stationary phase. Bacteria were pelleted in a centrifuge at ~ 3700g at 4 °C, washed three times in 0.01 M KCl, then diluted in 0.01 M KCl to 2 × 10 8 colony forming units (CFU) mL −1 and combined to create a 1:1 solution of E. coli and Salmonella. The bacterial solution was capped loosely and placed on a rotating platform at 50 rpm for ~ 18-22 h prior to the start of each experiment.
Bacterial concentrations were determined by plating on membrane fecal coliform (mFC, BD Difco 267720) agar for E. coli and xylose lysine deoxycholate (XLD, BD Difco 278850) agar for Salmonella using an Autoplate ® Spiral Plating System (model AP5000, Advanced Instruments Inc). Plates were incubated at 37 °C overnight. Plates were enumerated using a QCount system; if plates were not counted immediately, they were refrigerated at 4 °C until counting.
Bacteria characterization
The electrophoretic mobility of both isolates was measured at 25 °C using a ZetaPALS analyzer (Brookhaven Instruments Corporation). Cells were prepared as described earlier and suspended in either 0.01 M KCl or in effluent collected from columns packed with 15% biochar. The experimentally determined electrophoretic mobility values were converted to zeta potential values using the Smoluchowski equation (Elimelech et al. 1995) .
Hydrophobicity was determined for each isolate using the microbial adhesion to hydrocarbon (MATH) assay as described by Pembrey et al. (1999) . Briefly, each isolate was prepared as described earlier and 4 mL of the resulting bacterial solution was added to 1 mL of n-dodecane (laboratory grade, Fisher Scientific) vortexed for 2 min and then allowed to sit for 45 min to allow complete separation of the two fluid phases. Bacterial concentrations in the aqueous solution were determined by agar plating prior to, and after, mixing with n-dodecane. Hydrophobicity was calculated as the percent of cells that were partitioned into the hydrocarbon phase.
Transport experiments
Columns were flushed with 0.01 M filter-sterilized KCl immediately prior to each experiment. Without interruption of flow, experimental solutions were pumped through the columns in the following order using a three-way valve: 2 PV 0.01 M KCl, 3 PV pulse solution of either E. coli + Salmonella or 1.0-µm-diameter carboxylated polystyrene latex microspheres (Molecular Probes Ref F8823), 3 PV 0.01 M KCl, and 6 PV DIW. All solutions, except the bacterial and microsphere solutions, were sterilized by twice filtering through a 0.22-µm filter. All solutions were pumped through the columns in an upward direction at a rate of 1.0 mL min −1 . During the transport experiments, effluent was collected in ~ 0.5 PV fractions using Spectrum CF-1 or CF-2 fraction collectors (Spectrum Chromatography, Houston, TX). Bacterial concentrations were determined as described above. Microsphere concentrations were determined with a SpectraMax GEMINI EM (Molecular Devices LLC, San Jose, CA) microplate spectrofluorometer using an excitation filter of 475 nm, emission filter of 520 nm, and a cutoff filter of 515 nm. For samples with low concentrations, microsphere concentrations were determined by filtering on polycarbonate black 0.2-µm filters and enumerating at 1000× magnification under fluorescent light. Columns were replicated two to four times depending on the variability in the effluent concentrations. Each replicate was conducted on separate days using a freshly grown bacterial solution.
Breakthrough curves (BTCs) were made by plotting normalized effluent concentrations (effluent concentration/ 1 3 initial concentration) of bacteria or microspheres against elapsed effluent volume. The log 10 removal values (LRV) for bacteria and microspheres during the tracer (bacteria or microspheres) injection phase of the experiment was calculated from the total number applied to the column and total number recovered in peak 1. The percent of bacteria or microspheres recovered in the second peak following the switching of bacteria-free carrier solution from 0.01 M KCl to DIW was calculated from the total number retained in the column prior to switching to DIW and the total amount recovered in peak 2. In other words, peak 2 recovery represents the percent of bacteria or microspheres initially retained in the column during the injection phase of the experiment that was released back into solution following the change in solution composition.
After completion of the transport experiments, the columns were emptied, and the contents transferred to a beaker, weighed, and mixed thoroughly; the column fill was subsampled three times by transferring ~ 5.0 g sand to 50-mL centrifuge tubes containing 20 mL Butterfield's buffer and 3 g glass beads . The tubes containing sand, buffer, and beads were vortexed for 1 min and the supernatant removed, diluted and concentrations of bacteria or microspheres were determined as described above.
Batch sorption experiments
To test sorption of bacteria and microspheres to the sand and sand-biochar mixtures, 2 g of sand or sand-biochar mixture and 20 mL bacteria or microsphere solution were combined in 50-mL centrifuge tubes placed on their sides on an orbital shaker at 50 rpm for 1 h (Abit et al. 2014 ). The bacterial solutions prepared were the same as for the column experiments, with the exception that a total concentration of 1 × 10 8 CFU mL −1 (1:1 E. coli:Salmonella) was used. The initial concentration for the microsphere sorption studies was 1 × 10 7 mL −1 . Immediately prior to the microsphere sorption studies, the microsphere solution was sonicated to disperse the microspheres. Three replicates of each sand and biochar concentration were tested. One control replicate, using sterile 0.01 M KCl, was made each day for the 0% and 15% biochar treatments. Bacterial and microsphere concentrations at the beginning and end of the sorption experiments were determined as described above. The amount sorbed for each constituent was calculated as the difference between the initial and final concentrations and normalized on a per gram basis. The sorption coefficient (K) was calculated as the ratio between the sorbed and aqueous concentrations following the 1-h equilibration period.
Statistical analysis
Differences in column properties, LRV, and K values were statistically evaluated using PROC GLIMMIX. Initially, four data distributions were evaluated (Gaussian, gamma, exponential, and beta), with the gamma distribution providing the best fit statistics and thus was used for further analysis. Interaction effects were tested using LSMEANS statement with a Tukey adjustment of p values to account for multiple comparisons. For convenience, treatments are given in Table 1 .
Results
Biochar and column properties
The total carbon and nitrogen content of the acid-washed biochar were 48.3 (± 1.7)% and 0.19 (± 0.010)%, respectively. Biochar pH and specific conductivity measured in DI water were 3.9 (± 0.04) and 201 (± 27) μs cm −1 , respectively. In general, the pH of most biochars is alkaline (Ahmad et al. 2014 ). The relatively low pH of the biochar used in our study was due to the acid-washing procedure used to remove salts and alkalis.
The addition of biochar to the sand-packed columns decreased bulk density for the small sand columns but did not have a significant effect on bulk density for the medium and large sand columns (Table 2 ). Total carbon content increased with increasing biochar application rate for all sand sizes. Column effluent pH decreased with increasing biochar addition for all sand sizes. For instance, pH values in effluent from the small sand columns decreased from 6.07 to 4.63 for biochar additions of 0% and 15%, respectively. Similar decreases were observed for the medium and large sand columns.
Bacterial surface properties
Surface charge and hydrophobicity of the two bacterial isolates were significantly different ( Table 3) . The E. coli isolate was significantly (p < 0.001) more negatively charged than the Salmonella isolate as measured in both 0.01 M KCl (− 29 and − 3.9 mV, respectively) and in effluent from sand columns packed with 15% biochar (− 27 and − 3.3 mV, respectively). The differences in bacterial surface charge due to carrier solution were not significantly different (p > 0.05).
The Salmonella isolate was significantly more hydrophobic 
Transport experiments
For the unamended sands, LRV ranged from 0.002 to 0.22 for E. coli, 0.12 to 0.20 for Salmonella, and 0.029 to 0.088 for the carboxylated microspheres, depending on sand size (Fig. 2) . For both bacteria and microspheres, BTCs in the unamended sands were very similar for all three sand sizes, particularly for the initial effluent peak (peak 1; Fig. 1 ). No statistically significant (p > 0.05) differences in LRV were observed between sand sizes for either bacterial strain or microspheres.
Addition of biochar generally resulted in increases in bacterial retention for all sand sizes (Fig. 2) . For the large sand size, increases in LRV with increasing biochar concentration for both E. coli and Salmonella were comparatively small, though the increase for Salmonella was statistically significant. For instance, LRV increased from 0.22 for the unamended large sand columns to 0.49 (p > 0.05) for the 15% biochar treatment for E. coli and from 0.19 to 0.68 (p < 0.05) for Salmonella. Conversely, increases in LRV with increasing biochar content were much more pronounced for the medium and small sands, with most of the increases being statistically significant (p < 0.05; Fig. 2 ). For the medium sand, the LRV for 0%, 5%, 10%, and 15% biochar concentrations was 0.0020, 0.24, 0.64, and 2.3, respectively, for E. coli, and 0.12, 0.65, 1.2, 2.3 for Salmonella. The LRV in the small sand columns with biochar additions of 0%, 5%, 10%, and 15% were 0.11, 0.31, 1.2, and 1.9 for E. coli and 0.20, 1.5, 2.6, and 4.6 for Salmonella, respectively. In comparison, increases in LRV for the microspheres in the 15% biochar columns were statistically insignificant for all three sand sizes (p > 0.05). For the small sand, LRV increased from 0.088 to 0.24 and for the large sands, LRV increased from 0.029 to 0.069 for the 0% and 15% biochar treatments, respectively.
The effect of sand size on BTC shape and LRV for the biochar-amended sands varied (Figs. 1, 2) . LRV and BTC shape for E. coli were similar for all three sands for 5% biochar amendment. For the 10% biochar amendment; however, LRV was significantly higher in the small sand compared with the medium and large sands. For the 15% biochar concentration, LRV for both the small and medium sands was significantly higher than LRV for the large sand. For all three biochar amendment rates, LRV was significantly higher (p < 0.05) in the small sand compared with the large sand columns for the Salmonella isolate. For the 10% and 15% biochar additions, LRVs for Salmonella were significantly different for all three sand sizes, increasing with decreasing sand size. For both isolates, the largest difference in LRV and BTC shape between the small and large sands was for the 15% biochar concentration. In contrast, LRV and BTC shape for the microspheres were relatively similar for both the unamended and 15% biochar treatments for all three sand sizes. Only a small percentage of the bacteria retained during the injection phase of the experiments was released following changes in the carrier solution composition (i.e., from 0.01 M KCl to DIW). For instance, the percentage of retained bacteria recovered in peak 2 of the BTC ranged from less than 0.1 to 12% for E. coli and less than 0.1 to 7% for Salmonella. In general, peak 2 recoveries decreased with increasing biochar concentration for each sand size, though most of the decreases were not statistically significant (data not shown). No clear trend was evident in peak 2 recoveries and sand size.
The percentage of bacteria retained in the biocharamended sands that was recovered upon excavation of the sand and shaking it with glass beads and Butterfield's buffer ranged from 0.3% to 4.6% for E. coli and from 0.3% to 25% for Salmonella. No correlation was observed between the fraction of retained bacteria recovered from the sands for the two isolates (r = 0.04; p > 0.05) and no trends were observed between recovery and biochar concentration or sand size (data not shown).
Batch sorption experiments
Sorption coefficients (K) for both bacterial isolates and microspheres for all three sand sizes in the 0% biochar treatments were low with values not statistically Fig. 2 Log 10 removal values (LRV) for A E. coli, B Salmonella, and C polystyrene microspheres calculated from the first peak of effluent breakthrough curves for columns packed with three different sand sizes and mixed with biochar at concentrations of 0%, 5%, 10%, and 15% (by volume). Microspheres were only tested with 0% and 15% biochar content. Statistically significant (p < 0.05) differences in LRV due to biochar concentration within each sand size are denoted by different letters. LRV that were significantly different between sand sizes within a biochar concentration are denoted by asterisks; absence of asterisks indicates no significant differences in LRV between sand sizes (Fig. 3) . For E. coli, K values remained low for the 5% and 10% biochar concentrations whereas a notable increase was observed for the 15% biochar treatments for all three sand sizes. Only the increase in K for the large sand, however, was statistically significant (p < 0.05). For the Salmonella isolate, K values increased with increasing biochar concentration for all three sand sizes. Unlike the E. coli isolate, the K values for the 15% biochar treatments were significantly greater than the 0% biochar treatments for all three sand sizes. No significant differences in K values between sand sizes were observed regardless of biochar concentration for both bacteria. Mean K values for the microspheres were not significantly different from 0 for all sand sizes and biochar concentrations. 
Discussion
Acid-washed sand was chosen as the base filter material for this study because the bacteria, microspheres, and acidwashed sand all carry a net negative charge and thus minimal retention in the unamended columns was expected. Results from the batch sorption studies confirm this in that sorption to the unamended sands was negligible for both bacteria and microspheres. Some retention, however, was observed for both the bacteria and microspheres in the columns packed with unamended sands. Colloid attachment to negatively charged particles such as acid-washed sands has been commonly observed and may be due to deposition in the secondary minimum via attractive van der Waals forces, or attachment in the primary minimum due to chemical or physical heterogeneities (Foppen and Schijven 2006; Tufenkji and Elimelech 2004) . Another possible explanation is that physical straining-the process by which colloid-sized particles become trapped in small pore throats and grain junctions-contributed to the retention of bacteria in our columns (Bradford et al. 2006a) . Studies indicate that physical straining becomes important when the ratio of the colloid diameters to sand size is 0.005 or greater (Bradford et al. 2006a ). Bradford et al. (2006b) concluded that physical straining was the dominant mechanism of retention of E. coli O157:H7 in columns packed with acid-washed sand for sand sizes of 0.240 and 0.150 mm. Here, diameter ratios of bacteria and microspheres to sand ranged from 0.002 to 0.008 for the large and small sand grains, respectively, suggesting that physical straining may have contributed to the removal of bacteria and microspheres for the unamended sands. If physical straining was the dominant mechanism in colloid retention in the unamended sands, one would expect to see a notable decrease in recovery with decreasing sand size, particularly for the 0.25-mm sands (Bradford et al. 2002 (Bradford et al. , 2006b . Thus, it is likely that microsphere and bacterial retention within the unamended columns was a combination of physical straining and attachment to localized sites favorable for deposition. Addition of biochar to the sand-packed columns resulted in increases in bacterial retention in the sandpacked columns for all sand sizes, results consistent with previously published studies (Abit et al. , 2014 Afrooz et al. 2018; Bolster and Abit 2012; Mohanty and Boehm 2014a; Mohanty et al. 2014) . Moreover, bacterial retention increased with increasing biochar concentration; results also consistent with previous studies Bolster and Abit 2012) . Addition of biochar at a concentration of 15%, however, had minimal impact on the retention of microspheres in the sand-packed columns. This is in contrast to Abit et al. (2014) who observed tenfold or greater increases in microsphere removal in soils amended with high-temperature pine chip biochar. It is not clear why the biochar had limited impact on microsphere retention in this study other than that the biochar used in this study had different properties than the biochar used by Abit et al. (2014) . Abit et al. (2014) showed that microbial retention in biochar-amended columns is strongly dependent on biochar source and pyrolysis conditions. They observed no retention, and in some cases slightly reduced retention, in soil amended with poultry litter biochar yet observed large increases in bacterial retention when these same soils were amended with pine chip biochar.
The magnitude of the increases in LRV for the two bacterial isolates varied depending on grain size. Specifically, results show that the retention of bacteria following biochar amendment becomes more pronounced with decreasing sand size. Addition of biochar to the columns likely resulted in the clogging of pore throats within the column which could potentially lead to increased physical straining of the bacteria leading to increases in LRV (Sasidharan et al. 2016 ). This would be expected to increase with decreasing sand size, results consistent with this study. However, both bacteria and microspheres were similar in diameter, yet the impact of biochar amendment on LRV varied for all three tracers. For instance, for the unamended sand, LRV in the large and small sands were very similar for both microorganisms whereas for the 15% biochar application rate, LRV increased fourfold for E. coli and nearly sevenfold for Salmonella. In contrast, retention of microspheres was minimal for the 15% biochar concentration for all three sand sizes. This suggests that physical straining was not the primary mechanism of retention within the columns. Moreover, dissection of the columns removed only a small fraction of the retained bacteria further supporting straining was not an important factor. That is, if physical straining were the primary removal mechanism in the biochar-amended sands, it would be expected that the mixing of the sand with solution would release the bacteria back into solution resulting in recovery of most of the retained cells.
Addition of biochar significantly decreased bulk density in the small sand columns but not in the medium or large sand columns. This suggests that some of the biochar particles were too large to fit into the pore spaces of the small sand, thus affecting packing structure and potentially altering flow paths. The alteration of packing structure in the small sand may have contributed to the generally larger LRV observed in this sand compared with the medium and large sand columns.
Sorption coefficients were generally in qualitative agreement with LRV indicating that the primary retention mechanism is increased attachment of bacteria to the biochar-sand mixtures. For instance, K values were minimal for both bacteria and microspheres in the unamended sand in which LRVs were also low. Moreover, K values for E. coli were not significantly different from zero for the 5% and 10% biochar concentrations which is consistent with the low LRV observed in the columns whereas the K value increased significantly with the 15% biochar-amended sand as did the retention of E. coli in the column for this same biochar concentration. Increasing biochar had a larger effect on both K and LRV for Salmonella with increases in both following the same general trend. Microsphere K values for the 15% biochar-amended sand were minimal, results consistent with the minimal retention of the microspheres in the transport experiments. These results are consistent with other studies which have shown a correlation between K and bacterial retention in biochar-amended sands (Abit et al. , 2014 .
The mechanism of bacterial attachment to biochar-coated sands is unclear. Both bacteria and biochar are negatively charged, and thus electrostatic repulsion would be expected resulting in minimal attraction of bacteria to biochar surfaces Afrooz et al. 2018) . One possible explanation for the increased retention following biochar addition is that bacterial attachment is occurring on positively charged microsites within the biochar. Alternatively, increased retention of bacteria to the biochar may be the result of hydrophobic interactions. Greater retention and higher K values were observed for the more hydrophobic Salmonella isolate compared with the less hydrophobic E. coli isolate. Previous studies have reported greater retention of more hydrophobic microorganisms in biochar-amended porous media. Abit et al. (2012) compared the transport of two environmental E. coli isolates and found greater retention for the more hydrophobic isolate. Afrooz et al. (2018) also found greater retention of their more hydrophobic Salmonella isolate compared to their less hydrophobic E. coli isolate, results consistent with these findings. Further research is needed, however, to better identify the mechanisms controlling microbial retention in biochar-amended porous media, particularly the role hydrophobicity plays on retention.
Decreasing solution ionic strength following bacterial deposition in porous media is commonly employed to identify the role that the secondary minimum plays on colloid retention in porous media. Switching to a lower ionic strength solution results in a collapse of the secondary minimum resulting in a release of previously deposited colloids trapped in the secondary minimum. Nominal release of previously deposited bacteria and microspheres following switching from KCl to DIW indicates that deposition in the secondary minimum was not a significant process governing microbial retention observed in this study.
Conclusions
In this study, the effect of sand size and biochar concentration on the retention of two bacterial isolates in biocharamended sand columns was investigated. Results show that retention of bacteria in biochar-amended sands increases with biochar concentration and decreases with increasing grain size. Results also indicate that retention varies for different microorganisms. These findings are relevant to the potential use of biochar as an amendment in end-of-tile biofilters as a management strategy for reducing microbial concentrations discharged from tile-drained fields into receiving water bodies. To maximize effectiveness, a biofilter should be designed to maximize flow (i.e., hydraulic conductivity) and sorption capacity. Results indicate that increasing sand size, which will increase hydraulic conductivity, may significantly reduce microbial retention in biochar-amended sand filters. Additional research is needed to better understand the mechanisms involved and to test different biochar types and concentrations, filter media sizes, and flow rates of biochar to identify the most effective combination of these parameters for reducing microbial contaminants in tile discharge waters.
